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[1] The nature and mechanisms producing the chromophore agents that provide color to the
upper clouds and hazes of the atmospheres of the giant planets are largely unknown. In recent
times, the changes in red coloration that have occurred in large- and medium-scale Jovian
anticyclones have been particularly interesting. In late June and early July 2008, a particularly
color intense tropical red oval interacted with the Great Red Spot (GRS) leading to the
destruction of the tropical red oval and cloud dispersion. We present a detailed study of the
tropical vortices, usually white but sometimes red, and a characterization of their color spectral
signatures and dynamics. From the spectral reflectivity in methane bands we study their vertical
cloud structure compared to that of the GRS and BA. Using two spectral indices we found a
near correlation between anticyclones cloud top altitudes and red color. We present detailed
observations of the interaction of the red oval with the GRS and model simulations of the
phenomena that allow us to constrain the relative vertical extent of the vortices. We conclude
that the vertical cloud structure, vertical extent, and dynamics of Jovian anticyclones are not the
causes of their coloration. We propose that the red chromophore forms when background
material (a compound or particles) is entrained by the vortex, transforming into red once inside
the vortex due to internal conditions, exposure to ultraviolet radiation, or to the mixing of two
chemical compounds that react inside the vortex, confined by a potential vorticity ring barrier.

Citation: Sánchez-Lavega, A., et al. (2013), Colors of Jupiter’s large anticyclones and the interaction of a Tropical Red
Oval with the Great Red Spot in 2008, J. Geophys. Res. Planets, 118, 2537–2557, doi:10.1002/2013JE004371.

1. Introduction

[2] Many studies have been devoted in recent times to the
nature of large-scale Jovian vortices. However, their dynamics,
cloud properties, and colors have not yet been fully explained
(for recent reviews, see Ingersoll et al. [2004], Vasavada and
Showman [2005], and Del Genio et al. [2009]). One way to
progress in the knowledge of their properties is by studying
their mutual interactions, such as those of the Great Red Spot
(GRS) with other large vortices [Sánchez-Lavega et al.,
1998] or the mergers between vortices of similar size as former
White Ovals BC, DE, and FA that led to the formation of oval

BA [Sánchez-Lavega et al., 1999, 2001]. Typically, the GRS
interacts directly with the abundant small anticyclones at 20°S
(all latitudes in this paper are planetographic [Sánchez-
Lavega, 2011]), forming on the poleward side of the South
Equatorial Belt and move eastward [Shetty et al., 2007;
Sánchez-Lavega and Gómez, 1996; Sánchez-Lavega et al.,
1998]. They are engulfed by the GRS when they enter it along
its eastern side [Smith et al., 1979a, 1979b]. The interactions be-
tween the GRS and the large anticyclones (about a fourth of the
GRS length) that form at latitudes between 21°S and 24°S are
rarer. We will generically call these ovals South Tropical
Ovals (acronym STrOs), although in some occasions, particular
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nicknames have been used for some of them. For example, we
previously reported such an interaction between a vortex we
called White Tropical Oval (WTrO) with the east side of the
GRS [Sánchez-Lavega et al., 1998]. During the interaction the
vortex was destroyed due to partial engulfment and ejection
of its clouds by the GRS.
[3] In this paper we report an uncommon interaction

between a peculiar anticyclonic red oval (we call it the Red
Oval or the RO) and the GRS that occurred in June–July
2008. Since the anticyclone BA was in conjunction with the
GRS, i.e., both were close to the same meridian, it was also
partially involved in the interaction. Due to the similar proper-
ties of BA to those of the GRS and the RO [García-Melendo

et al., 2009; Pérez-Hoyos et al., 2009; Hueso et al., 2009; de
Pater et al., 2010b; Wong et al., 2011], this event can be
described as a triple-vortex dynamical interaction. Additional
interest came from the strong red coloration of the RO
[Strycker et al., 2011] similar to that of the red rings surround-
ing the GRS and BA. Thus, the study of this interaction is
relevant not only for dynamical inferences on Jovian vortices
but also on the nature of the red colors in Jupiter.
[4] We first describe the known properties of South Tropical

Ovals on Jupiter (section 2). In section 3 we present the set of
observations used in this study. Section 4 is dedicated to color
characterization of these vortices and to determine, using a
radiative transfer model, the cloud top altitude of the ovals. In

Figure 1. Selected images of (left) South Tropical Ovals (STrO) observed in Jupiter since 1979 (left) and
(right) sketch of the location of the main anticyclonic ovals in the zonal wind profile [García-Melendo and
Sánchez Lavega, 2001] of the southern hemisphere as measured during 1979 (Voyager data, black), 1997
(HST, blue), 2000 (Cassini, red). (a) Voyager 2 in 1979 (enlarged at right), (b) The WTrO in an HST image
in 1994 (enlarged at right), (c) STrO observed by Cassini in 2000, (d) Red Oval (RO) on 9–10May 2008 by
HST. North is up and east to the right in all figures.

Figure 2. Sequence of Voyager 2 images in 1981 showing the formation, growth, and latitude migration
of a classical STrO (indicated with a red arrow).
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section 5 we describe the dynamical interaction between the
RO with the GRS and BA. In section 6 we present nonlinear
numerical simulations of this interaction using the nonlinear
Explicit Planetary Isentropic-Coordinate (EPIC) model
[Dowling et al., 1998]. Finally, in section 7 we discuss the
results and implications for the knowledge of Jovian vortices
dynamics and their colors.

2. The South Tropical Ovals (STrOs)

[5] The South Tropical Zone of Jupiter is usually a white
band at visual wavelengths extending from ~20°S to 30°S
where the Great Red Spot (GRS) sits [Rogers, 1995]. It is also
the place where stable and long-lived synoptic scale anticy-
clonic vortices (STrO) form at latitudes close to that of the
GRS (lifetime ~ years, size ~5000–8000 km) (Figure 1). Most
of them are isolated and destroyed by the GRS after encounter-
ing it [see, e.g., Sánchez-Lavega et al., 1998]. STrOs are
usually “white” ovals with an albedo similar to that of the
South Tropical Zone, enclosed by a dark, low-albedo ring that
outlines their border. STrOs can be distinguished clearly from
the smaller series of anticyclones that form in strings at latitude
20°S in the southern border of the South Equatorial Belt (SEB),
because of the larger sizes of typical STrOs. They are also
isolated and separated ~2° in latitude from the SEB edge. For
a general overview of the properties and models of Jovian
vortices, see Ingersoll et al. [2004].

[6] Ground-based imaging records supported by occasional
spacecraft observations show that there have been about seven
STrO vortices in Jupiter between 1983 and 2008 (Figure 1).
The first case was theWhite Tropical Oval (WTrO) that formed
in 1983 and ended following a GRS encounter in 1997
[Sánchez-Lavega et al., 1998]. Having been observed with
some detail with the Hubble Space Telescope, it is considered
for further study in this paper. A second one was present during
the Cassini flyby of Jupiter in 2000 and was similar in its
morphology to the WTrO. Between 2002 and 2007 there were
about four different STrOs according to ground-based imaging.
The last oval formed during the Sun-Jupiter conjunction in
2008. It was first detected in ground-based images in
February 2008, and it was remarkable because it showed a
pronounced red color [de Pater et al., 2010b; Strycker et al.,
2011]. This Red Oval (RO) was accompanied by another sim-
ilar oval about 60° apart in longitude but “white” in color,
providing the puzzle of color dichotomy between similar ovals
despite their occurrence at the same latitude and time. The RO
vortex attracted the attention of researchers because of its in-
tense red color, a property whose nature (coloring agent and
its origin) is so far unknown. It is important to distinguish the
RO from oval BA, this last one is sometimes also nicknamed
“red oval” because of the variable reddening of an internal ring
inside it [Simon-Miller et al., 2006; Pérez-Hoyos et al., 2009;
Shetty and Marcus, 2010; Wong et al., 2011].
[7] The South Tropical Ovals form when the South

Equatorial Belt (SEB) is in its classic “belt” state, i.e., when

Table 1. Observations Summarya

Target Observatory Observing Date Central Wavelengths (nm)

WTrO HST WF3 18 May 1994 218, 255, 336, 410, 439, 588, 673
HST WF3 15 July 1994 255, 336, 410, 547, 890
HST PC1 15 July 1994 255, 336, 410, 555, 890
HST PC1 17 July 1994 255, 336, 410, 555, 890

RO HST WFPC2b 9–10 May 2008 218, 255, 336, 410, 502, 673, 890, 953
HST WFPC2c 15 May 2008 255, 343, 375, 390, 410, 437, 469, 502, 673, 890
HST NICMOSd 5 May 2008 1450, 1660, 1870, 2120
IRTF-NSFCAMd 6 June 2008 1780, 1950, 2030, 3780, 4780
HST WFPC2c 28 June 2008 255, 343, 375, 390, 410, 437, 469, 502, 673, 890
HST WFPC2c 8 July 2008 255, 343, 375, 390, 410, 437, 469, 502, 673, 890
HST NICMOSd 9 July 2008 1660, 1870, 2120
IRTF-NSFCAMd 10 July 2008 1780, 1950, 2030, 2300, 3780, 4780
TNG-NICSd 10 July 2008 1644, 1680, 2122, 2169
UKIRT-UISTd 25 July 2008 1644, 1690, 2169, 2270
VLT-NACOd 22 August 2008 1094, 1748, 2166, 2480
IOPW-PVOLd February–September 2008 RGB composites (~400–700 nm), 890 nm

aTarget: WTrO (White Tropical Oval) [see Sánchez-Lavega et al., 1998]; RO (Red Oval). Observatory: The telescope and used instrument are indicated.
Hubble Space Telescope (HST) with optical cameras WF/PC (WF3), WF/PC (PC1), and WFPC2, and near-infrared camera (NICMOS). Details for images
are as follows:

bWong et al. [2011].
cStrycker et al. [2011].
dInfrared Telescope Facility (IRTF at Hawaii) with near infrared camera (NSFCAM); Telescopio Nationale Galileo (TNG at La Palma, Canary I.) with

adaptive near-infrared camera NICS; United Kingdom Infrared Telescope (UKIRT at Hawaii) equipped with the imaging spectrometer UIST; Very Large
Telescope (VLT at ESO, Chile) with near-infrared camera NACO; International Outer Planets Watch (IOPW); and Planetary Virtual Observatory
Laboratory (PVOL) imaging database. Details on the different instruments can be found at the following:

NICS: http://www.tng.iac.es/instruments/nics/imaging.html
AdOpt@TNG: http://www.tng.iac.es/instruments/adopt/
AdOpt@TNG (solar system objects): http://www.tng.iac.es/news/2007/11/09/adopt_tng/
NSFCAM: http://irtfweb.ifa.hawaii.edu/~nsfcam/oldnsfcam.html
NICMOS: http://www.stsci.edu/hst/nicmos/
http://www.stsci.edu/hst/nicmos/documents/handbooks/current_NEW/toc.html
UIST: http://www.roe.ac.uk/ukatc/projects/uist/
NACO: http://www.eso.org/sci/facilities/paranal/instruments/naco/overview.html
IOPW-PVOL: http://www.pvol.ehu.es/pvol/index.jsp?action=iopw

Some additional images were taken from the public ALPO-Japan database web page at http://alpo-j.asahikawa-med.ac.jp/indexE.htm.
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it shows a dark albedo at visual wavelengths and the belt is
active, with plenty of turbulence in its interior [Sánchez-
Lavega and Gómez, 1996]. In this stage, series of small spots
form along the SEB southern edge at 19°S, apparently when
the eastward jet at this latitude becomes unstable (Figure 1).
Image sequences taken by the Voyager 1 and 2 spacecraft
in 1979 [Smith et al., 1979a, 1979b] and more recently those
taken at high resolution by ground-based telescopes have
shown that a STrO forms from these small anticyclones.
Typically, when two of them meet, they form a mutual pair,
circulating around one another and ultimately merging to
generate a larger vortex (a STrO) that migrates slightly south-
ward in latitude by about 2° into the South Tropical Zone
(STrZ) (Figure 2). On other occasions, a larger oval at the
SEB border grows by absorbing surrounding material and
separates slightly from the belt and penetrates into the
STrZ, near latitude 23°S where the velocity of the zonal wind
is close to zero (Figure 2). No STrOs are observed to form
during the SEB Fade stages of the belt. Since the STrO
slightly differ in latitude from the GRS, they show a small
longitudinal relative drift, encountering with the GRS at a

time that depends on the relative velocity of both features
and their initial separation in longitude (Figure 1). Their
encounter represents the end of the STrO, as was observed
with the WTrO [Sánchez-Lavega et al., 1998] and with the
RO (this work).

3. Observations and Analysis

[8] This study is based on different sets of observations
obtained with a variety of instruments. Although the main
objective was the study of the RO, we also do a reanalysis
of the spectral reflectivity of the WTrO in order to compare
it with the RO measurements. Table 1 summarizes the obser-
vations used in this paper.
[9] The study of the long-term evolution and interaction of

the RO with the GRS and BA was based on the analysis of
about 150 color composite images (wavelength range
from~400 to 700 nm), from the International Outer Planets
Watch-Planetary Virtual Observatory and Laboratory (IOPW-
PVOL) imaging database [Hueso et al., 2010] which covered
the period February–September 2008. Typically, telescopes

Figure 3. Cylindrical map of Jupiter obtained from IOPW-PVOL images contributed by A. Wesley on 14
March 2008 showing early images of the Red Oval (RO) and a STrO companion. Each image is a RGB
color composite showing approximate Jovian features colors. Other vortices are also identified.

Figure 4. The three ovals (GRS, BA, and RO) as they were seen before their mutual interaction on 15
May 2008 at selected wavelengths (indicated in nm) on HST images.
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with apertures in the range 25–40 cm were used for those
observations. Each RGB (R: red, G: green, B: blue) image
was generated from a video record of the planet through a color
filter at typical rates of 30 frames per second. A single one-filter
image is formed after recentering of selected frames according
to their quality that are added to form a single improved image
using the “lucky imaging” technique [e.g., Law et al., 2006].
Each single image frames is then processed for contrast
enhancement using a wavelet filter method, being RegiStax
[Berrevoets et al., 2011] the most common software used by
the IOPW team for these procedures. Image navigation (orien-
tation and limb determination) and position measurement
(pointing on a target with pixel coordinates transformed to plan-
etary coordinates) were done with the software Laboratorio
Analisis Imagenes Astronomicas (LAIA) [Cano, 1998].
[10] Additionally, we used selected sets of unprocessed

images taken by some members of the IOPW team using a
narrow-band methane-absorbing filter centered at a wave-
length of 890 nm to obtain photometric data for cloud top
retrieval (see section 6.1).
[11] The second set of images was obtained with the Hubble

Space Telescope (HST) Wide Field Planetary Camera 2
(WFPC2). They were obtained using an extensive set of filters
covering the spectral range from 210 nm to 953 nm (Table 1),
and we used them to study the RO properties at visual wave-
lengths. The spectral reflectivity of the previously studied
long-lived WTrO [Sánchez-Lavega et al., 1998] was also
obtained from a selected set of HST images taken in 1994 in

three runs with the former Planetary Camera in modes WF/
PC (WF3) and WF/PC (PC1). These images were navigated
using the software LAIA and those used for cloud tracking
were processed by means of a standard contrast enhancement
filter incorporated in LAIA. Their photometric analysis is de-
scribed in sections 5 and 6.1.
[12] The third set corresponds to the near-infrared wave-

length range (~1–5.0 μm) for which we used images obtained
with the following telescopes and instruments (see Table 1 and
its footnotes for links to instrument description): (1) 3.58 m
Telescopio Nazionale Galileo (TNG) at the Roque de los
Muchachos Observatory (La Palma, Canary Islands), using
the Near Infrared Camera Spectrometer (NICS), which
covered a wavelength range from 1.66 to 2.169 μm at two
different spatial resolutions. The adaptive optics module
(AdOpt) on this instrument provides images with maximum
angular resolution of 0.08 arcsec/pixel (0.04 arcsec/pixel) over
a 1.4′ × 1.4′ (0.7′ × 0.7′) field. In our observations we used the
satellite Io as a wavefront guide and a closed looping sequence
satellite-planet with a 200Hz correction cycle. For details on
this module, wavefront sensing, tip/tilt operation, and exam-
ples of its use for solar system objects, see link in Table 1 foot-
notes. (2) The 3.0 m NASA Infrared Telescope Facility (IRTF
at Mauna Kea, Hawaii) equipped with the NSFCam camera,
which covered a wavelength range from 1 to 5.5 μm providing
a maximum resolution of 0.3 arcsec/pixel, (0.15 arcsec/pixel
and 0.06 arcsec/pixel) with a corresponding field of view of
76.8″ (37.9″ and 14.1″), respectively. (3) The 2.4 m Hubble

Table 2. Main Vortices Properties

Vortex Latitude (φg) Length N-S Length E-W ω System III (°/d) u (m s�1) Peak Tangential Velocity Mean Vorticity Reference

BA �33.1° ± 0.5° 6.4° ± 0.5° 8.3° ± 0.5° �0.2 +1.3 110m s�1 2.9 × 10�5 s�1 Hueso et al. [2009]
RO �24.2° ± 0.4° 3.4° ± 0.5° 4.8° ± 0.5° +0.04 �0.3 45m s�1 2.1 × 10�5 s�1 This work
WTrO �21.5° ± 0.5° 4.1° ± 0.3° 7.0° ± 0.6° +0.6 �4 40m s�1 1.3 × 10�5 s�1 Sánchez-Lavega et al. [1998]
STrOa �23.3° ± 0.5° 3.8° ± 0.5° 4.4° ± 0.5° +0.4 �3 50m s�1 2.2 × 10�5 s�1 This work
GRS �22.7° ± 0.4° 11.1° ± 0.5° 17.1° ± 0.5° +0.3 �1.95 120m s�1 1.4 × 10�5 s�1 Sada et al. [1996]

aThis STrO is that on Cassini flyby images (Figures 1c and 4a).

Figure 5. Maps showing the vortices contours and the displacements of cloud features around them in
image pairs separated by 10 h for (a) the STrO observed by Cassini in 2000 and (b) the Red Oval RO ob-
served by HST in 2008. The motions of features at similar distances from the center are identified by lines
with the same colors.
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Space Telescope-Near Infrared Camera and Multi-Object
Spectrometer (NICMOS) provided images covering the wave-
length range from 0.8 to 2.5 μm. We used the cameras NIC1
(providing 0.043 arcsec/pixel with diffraction-limited wave-
length at 1 μm) and NIC2 (providing 0.075 arcsec/pixel with
diffraction-limited wavelength at 1.72 μm). (4) The 3.8 m
United Kingdom Infrared Telescope (UKIRT at Hawaii)
equipped with the imaging spectrometer UIST in the spectral
range 1.58–2.30 μm provided images with an angular resolu-
tion 0.12 arcsec/pixel (0.06 arcsec/pixel) over a 2′ × 2′ (1′ × 1′)
field, respectively, again for the different magnifications avail-
able. (5) Very Large Telescope (VLT) operated by European
Southern Observatory (ESO) at Chile used the Yepun (UT4)
8.2 m telescope with NAOS-CONICA (NACO) instrument at
the Nasmyth-Focus B, which is an Adaptive Optics imaging
facility (Nasmyth Adaptive Optics System (NAOS)) covering
the near-infrared spectral range up to 2.5 μm (field of view
56 × 56 arc sec at 0.054 arcsec/pixel). It works guiding on a nat-
ural star or in an artificial sodium laser guide star and has two
wavefront sensors (visible and infrared), the infrared one oper-
ating in the range (0.8–2.5 μm). The Jupiter observations with
NACO at the VTL were performed with the adaptive optics
(AO) locked on Io, with a distance to the planet ranging from
42″ to 23″. The AO correction was perfect: images full width
at half maximum at 2.12 microns were<3 pixels, with Strehl
ratio measured (on axis) by the Wavefront Fourier Sensing
(WFS) = 60–70%. At Jupiter’s distance this translates into a
physical resolution of ~400 km, and the series of images were
obtained with an excellent S/N ratio (>5 for faint features).
Details on the operation of this instrument can be found in
the link in Table 1 footnotes. Their image navigation and
mapping was done using the software LAIA. The photometric
flattening of those used for the spectral brightness measurement
is described in sections 5 and 6.1, with further details given in
Barrado-Izagirre et al. [2013]. Because of variable seeing
conditions and ample number of wavelengths used in this third
set of ground-based images, their typical resolution is in the
range ~0.2–0.5 arcsec/pixel. Because of the variable distance
to Jupiter, telescopes and wavelengths used, the standard
resolution (at the Red Oval latitude in central meridian)
provided by HST images is in the range ~300–500 km
and ~400–1500 km for ground-based telescopes.

4. Red Oval Properties

[13] The RO was observed for the first time in February
2008 following the Jupiter-Sun conjunction when it was close
to BA’s longitude (Figure 3). We use System III longitudes
along the whole work [Sánchez-Lavega, 2011]. Its formation
was therefore not observed, but we can imagine an origin sim-

Figure 6. Identification of the features selected to retrieve the spectral relative reflectivity (image by HST on
15May 2008 at a wavelength of 410 nm): (1) RO center; (2) RO ring; (3) RO background; (4) STrZ reference
area; (5) storm 1; (6) SEB; (7) cyclone; (8) GRS center; (9) storm 2; (10) BA ring; and (11) BA center.

Figure 7. Diagram showing the indices CI and AOI for
different Jovian features in two epochs (1994 and 2008).
For 2008 (see feature identifications in Figure 5): GRS center
(GRSc), Red Oval center (ROc), RO background (ROb), BA
center (BAc), BA ring (BAr), storms 1 and 2, SEB, and
cyclone. For 1994 White Tropical Oval center and back-
ground clouds (WTrOc, WTrOb). For ROc the arrow marks
the change in color before its interaction with GRS-BA at left
(15 May 2008) and following the interaction at right (8 July
2008). To make the figure simpler, the index error bars
are shown only for the GRSc (mean from measurements on
9 and 15 May, 28 June, and 8 July 2008), ROc before
interaction with GRS (9 and 15 May, and 28 June, left point),
and ROc following its interaction with GRS and BA (8
July 2008).
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ilar to that of other STrOs as described above, as the SEB was
prior to the solar conjunction very active in spot development
with its classical disturbed morphology. The RO was accom-
panied by another STrO placed about 60° west of it and at
the same latitude but it was “white” in color.
[14] The RO cloud morphology at different wavelengths

can be seen in Figure 4 (compare to de Pater et al. [2010b,
Figures 3, 5, and 13]). The RO is placed within the high-
albedo South Tropical Zone but surrounded by a patch of
lower albedo clouds. The Red Oval consisted of an outer ring
(high albedo at 410 nm, dark at 673 nm) that enclosed an area
of uniform reflectivity. Its size was 5500 km in the east-west
direction and 4175 km in the north-south meridional direc-
tion, while the outer ring thickness was of 575 ± 115 km
(Table 2). Note that the outer ring is a common characteristic
of the STrO as shown in Figure 1.
[15] We were able to track the rotation of some features

about the center of the RO in pairs of images separated by
one planetary rotation, retrieving the wind tangential velocity
[Legarreta and Sánchez-Lavega, 2005]. For a comparison
with other STrO we also measured the rotation of the STrO
observed during the Cassini flyby in 2000 (Figure 1c). As
shown in Figure 5, both vortices showed similar rotation
properties: (a) They have anticyclonic rotation; (b) the peak
tangential velocity at oval periphery is VT= 40–50m s�1;
and (c) the few available data indicate that the velocity
decreases toward the center. The peak vorticity is given by

ςpeak ¼
∫C
→
V T • d

→
ℓ

Area
≈
VT Le
π ab

¼ 2VT

b
1� e2

4
� 9e4

192
�…

� �
(1)

where for simplicity, the oval is assumed to be an ellipse with
semiaxis a, b, perimeter Le, and eccentricity e. Since we
assumed a constant value for VT along the integration path,
the value of the circulation is VTLe. Table 2 gives the peak vor-
ticity for all the ovals we measured here showing that they are
quite similar. The similar values to those for RO were found

for the Cassini STrO and for the WTrO [Sánchez-Lavega
et al., 1998], confirming that the STrO vortices have similar
sizes and rotation speeds. Being of different colors, this result
indicates that color is not related to vortex strength or horizon-
tal circulation. In Table 2 we also show that the drift in longi-
tude of the RO and the GRS differed slightly by ~0.25°/d,
which translates in a relative speed of ~1.5m s�1, i.e., both
ovals slowly approached one another.

5. Color Characterization

[16] Strycker et al. [2011] give a comprehensive introduc-
tory review to the color characterization in Jupiter. In
essence, the absolute spectral reflectivity I/F(λ) that varies
across the disk (longitude and latitude) and depends on the
viewing geometry (phase angle) is determined by radiative
processes in the gas (scattering and absorption) and in the
particles, depending on their vertical distribution [West
et al., 2004]. The coloration we see depends on a combined
effect of these processes. Different techniques have been
employed to characterize colors and look for the chromo-
phore agents on the Jovian atmosphere in terms of its spatial
distribution, such as the cluster analysis method [Thompson,
1990], and the principal component analysis or PCA [Simon-
Miller et al., 2001a, 2001b; Dyudina et al., 2001]. Here we
follow a different simpler approach consisting on a relative
photometry measurement of the features and the introduction
of two photometric indices to characterize and compare the
color and the adaptive optics properties of selected Jovian
features in comparison to those of the Red Oval.
[17] In Figure 4 we show images of the RO, the GRS, and

BA taken with a set of filters covering the spectral wavelength
range from 255 to 890 nm. The three ovals are dark at ultravi-
olet wavelengths (255 nm) due to the strong absorption by
high-altitude haze particles, but bright in the methane

Figure 8. Coarse spectra of the Red Oval reflectivity rela-
tive to a STrZ reference area (15 May 2008). Three regions
are shown: the RO center (the red area, solid red dots), the
RO ring (crosses), and the RO background patch of clouds
where the RO sits (empty circles; see Figure 5).

Figure 9. Spectral reflectivity of different Jovian features in
the region of the Red Oval on 15 May 2008 (see Figure 5 for
identification) relative to a reference area in the STrZ. The fea-
tures are storms 1 and 2 (convective in SEB, solid green dots),
SEB (crosses), GRS center (GRSc, empty orange circles), BA
center (BAc, empty orange triangles) and ring (BAr, empty
blue triangles), and cyclone (solid violet triangle).
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absorption band at 890 nm, since their cloud or haze tops are
located high in the atmosphere as discussed below. Color com-
posites show the RO to be as red as the GRS (see also inset in
Figure 15 and de Pater et al. [2010b, Figures 5 and 13]).
[18] We have characterized the colors of different Jovian fea-

tures in the region of the vortex by performing relative photom-
etry at all the wavelengths available on HST images (Figure 6).
This is the same set of images employed by Strycker et al.
[2011], where absolute photometry data can be found.We used
the software LAIA [Cano, 1998] to retrieve the reflectivity in
uncalibrated Digital Number (DN) (counts) of the Jovian
features we consider in this study. We took as a photometric
reference for normalization an area in the STrZ close to the
location of the features of interest with the same area as that
occupied by the targets. Relative reflectivity highlights the
spectral differences between features more effectively than,
for example, direct comparison of absolute reflectivity spectra.
[19] DN counts were retrieved for a disk with a size of

0.4 arcsec on each feature at each wavelength, and then the
mean value was divided by the cosine of the viewing angle
μ0 (which is equivalent to assuming that the features behave
as Lambert reflectors). To get an idea of the disk size we
employed, note that the RO typically extends about 25 pixels

or 1.2 arc sec. Errors in the average DNs (total value divided
by the pixel area) come from the DN variability within the
area and were typically of the order of 2–5%. Additionally,
area pointing and image navigation (determination of the
planetary limb) account for errors that translate the uncer-
tainty in DN to less than 10%. Larger errors are present in
the images taken with the 890 nm methane band filter
because of vignetting of the HST field of view [Karkoschka
and Koekemoer, 2002]. For this reason, measurements close
to the edge of the field were avoided as much as possible.
However, when a feature was in this nonuniform area, we
corrected its reflectivity using a simple linear interpolation
from the center to the border of the field reflectivity profile.
We estimated relative photometry errors with this filter to
be around 15%. The relative reflectivity of a feature at a given
wavelength is then given by

Rk λð Þ ¼ < DN λð Þ>k=μ0k

< DN λð Þ>4=μ04
(2)

where the index k denotes the value for the feature and
subindex 4 is used for the STrZ reference area according to
Figure 6.
[20] By using this procedure, we have measured the reflec-

tivity of selected features in the HST image series correspond-
ing to two periods: (1) GRS-RO-BA interaction in 2008. This
corresponds to dates 15 May (pre-GRS-RO interaction), 28
June (beginning of the GRS-RO interaction), and 8 July
(post-GRS-RO interaction); and (2) the WTrO in 1994. For
comparison purposes, we also reanalyzed the HST images of
the White Tropical Oval (WTrO) and the GRS taken in
1994. It must be noted that the WTrO showed, along its life-
time, transient color changes (from white to reddish) as
discussed in Sánchez-Lavega et al. [1998] (see also Morales-
Juberias et al. [2002] for anticyclone properties in this period).
[21] We obtain a quantitative characterization of color by

introducing two indices based on four filters from the HST
observations. These are a color index (CI) and an altitude-
opacity index (AOI), defined respectively as

CIk ¼ Rk λ ¼ 410 nmð Þ
Rk λ ¼ 673 nmð Þ (3)

AOIk ¼ Rk λ ¼ 890 nmð Þ
Rk λ ¼ 255 nmð Þ (4)

[22] The first index is sensitive to the color of a given feature
since an abrupt change in the spectral reflectivity profile occurs
in Jupiter between the two wavelengths: blue (410 nm) and red
(673 nm) [Karkoschka, 1998]. The reflectivity values are taken

Figure 10. Spectral reflectivity of the GRS and White
Tropical Oval (WTrO) in May and July 1994. The spectra are
for the GRS center (GRSc, solid dark blue circles), GRS sur-
rounding clouds (GRSb, green crosses), the area in the GRS out-
side its center (between its periphery and central region, GRSa,
solid cyan circles), the WTrO center (WTrOc, solid red circles),
and its surrounding area (WTrOb, empty black circles).

Table 3. The 890 nm Methane Band Absolute Photometry

GRS BA RO

Observera Date μ μ0 I/F μ μ0 I/F μ μ0 I/F

D. Parker 2008/06/03 0.920 0.887 0.15 0.881 0.878 0.12 0.927 0.942 0.12
D.Parker 2008/06/20 0.941 0.945 0.15 0.859 0.869 0.12 0.875 0.897 0.12
B. Gahrken 2008/06/29 0.822 0.804 0.18 0.766 0.750 0.12 0.889 0.878 0.12
D. Peach 2008/07/01 0.851 0.864 0.15 0.790 0.802 0.11 0.748 0.765 0.09
C. Go 2008/07/07 0.925 0.926 0.14 0.867 0.868 0.09 0.930 0.931 0.11

aFrom methane band imaging by IOPW observers.
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relative to a uniform area in the STrZ. Filters with wavelengths
close to these can also be used as a color index. For example,
de Pater et al. [2010b] and Wong et al. [2011] used a similar
index, defined as 1 � (F435N/F658N) to create images they
call “chromophore” (or color) with these numbers correspond-
ing to the HST blue (F435) and red (F658) filters. We found
that in Jupiter, the CI index runs from about 0.5 for red features
(GRS, RO) to about 1.1 for the “white” (spectrally flat)
features, as seen in RGB composites; the index CI= 1 for the
STrZ area is used as a reference.
[23] The second index is sensitive to the upper haze altitude-

optical depth (in the methane absorption band at 890 nm) and its
ultraviolet opacity at 255nm.We found that AOI runs from 0.8
for features with a low altitude and UV optically thin upper
haze (typically for cyclones) to 1.5 for high altitude and UV
thick upper hazes (for anticyclones). A typical separation limit
in altitude for high and low hazes is around the tropopause
(~100mbar).
[24] Figure 7 shows a two-index diagram representation

that serves as simple classification of the spectral reflectivity
of usual Jovian features, including some of the anticyclones
under study in this work. This figure shows many character-
istic aspects of the known colors and top altitudes for Jovian
features, but more importantly, it shows the extremely differ-
ent behavior between the WTrO (1994) and the RO (2008). It
also shows that the ring of BA is not as red as the center of the
RO and the GRS but is very similar to the ring of the RO and
the background clouds that surround it. Finally, we show the
change in the index CI for the center of the RO (ROc) before
its interaction with the GRS (9 and 15 May and 28 June) and
following it (8 July 2008). Accordingly, the RO lost part of
its red coloration after interaction, but the AOI (and therefore,
its vertical structure) did not change significantly. A plausible

interpretation is that following the interaction, and as soon as
the RO was broken, its top upper haze preserved its altitude
but at the same time decreased its red coloration because of
the change that occurred in its dynamical properties, or sim-
ply because of mixing with surrounding material (see the
dynamical analysis below).
[25] Figure 8 shows the relative spectral reflectivity of the

RO and its surroundings. It is obvious that the vortex center,
ring, and background area have a similar behavior with a pro-
nounced deep minimum in reflectivity at 410 nm. The RO
center (the red region) shows the deeper absorption at
410 nm, and globally, a lower reflectivity at all the wave-
lengths except at 890 nm, indicating that its central area is
elevated relative to its surroundings.
[26] In Figure 9 we show the relative spectral reflectivity

for some selected features indicated in Figure 6. It is interest-
ing to note that the deep minimum at 410 nm is present in all
the features. It is broader and deeper in the case of the GRS
but also notable in the ring of Oval BA. These two features
(GRS and BA ring) show a spectral behavior similar to that
of the RO but with a different intensity of the red signature.
However, the spectra of the other features differ from that
of RO and GRS. The cases of the convective storms (storms
1 and 2) and the cyclone are particularly noteworthy. It seems
evident that the red color intensity is mostly linked to the
absorption intensity around the 410 nm wavelength (see also
Simon-Miller et al. [2006] and de Pater et al. [2010b]).
[27] In Figure 10 we show the spectral reflectivity of the

GRS and the WTrO as measured in 1994. Whereas the spec-
trum of the GRS follows that of 2008 with the characteristic
minimum in reflectivity at 410 nm, the WTrO spectrum
differs markedly from that of the RO. Globally, the reflectiv-
ity of the WTrO is above or similar to that of the STrZ,

Figure 11. (left) Sample of 890 nm methane band images from IOPW used for photometry and cloud top
altitude determination. The three ovals (GRS, BA, and RO) stand out by their brightness. (right) North-
south averaged 890 nm reflectivity with error bars indicated for the above images (dark line), and the
HST reference profile for calibration (grey line) [Chanover et al., 1996]. Dates and names of IOPW-
PVOL and ALPO-Japan observers are indicated. South is up and east to the left.
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whereas that of the RO was always lower except at 890 nm.
The 410 nm absorption is absent in the WTrO central region,
although a sign of it is seen in the background low-albedo
area where the WTrO sits (see Figure 1b). The WTrO
reflectivity at 255 nm and 890 nm is similar to that of the
STrZ but opposite to what we observed in the RO, which
showed higher values than the STrZ. Thus, we conclude that
although both anticyclones are equivalent in their latitude
location, background winds, and dynamics, their colors
differ markedly.

6. Vortices Cloud Top Altitudes

[28] Previous works have partially addressed the vertical
cloud structure of anticyclone vortices and serve as a reference
for our calculations. Banfield et al. [1998] presented radiative
transfer models of the cloud vertical structure for the GRS and
White Ovals using Galileo visible images. Strycker et al.
[2011] presented similar models for the three ovals GRS,
BA, and RO based on the images taken with the HST in
2008 in the 255–673 nm spectral range. Detailed models for
BA before and after its red coloration change were presented
by Pérez-Hoyos et al. [2009]. Later, de Pater et al. [2010b]
presented oval models based on 1–1.65 μm spectra, and
Wong et al. [2011] used long-term methane band imaging at
890 nm to constrain the changes in the top altitude of the upper
haze of BA. Combining the results of these studies, the

following vertical haze and cloud structure can be assumed:
(1) an uppermost haze layer located in the stratosphere which
extends from 1 to the 100mbar level, absorbent in the UVwith
an optical depth ranging from τ ~0.5 to 0.05 from wavelengths
255 nm to 890 nm (τ ~0.11–0.15 at 502 nm); (2) a dense tropo-
spheric haze extending between pressure levels ~100–
700mbar with an optical depth τ ~2–5 in the visible wave-
length range, with a wavelength dependent single scattering
albedo ϖ0 (λ) for the particles according to Strycker et al.
[2011]; (3) an optically thick cloud with τ >20 and top at
400–700mbar at the top of the ammonia condensation level.
Differences in these parameters within a given layer produce
the reflectivity differences we see between the three vortices.
We employ these results to constrain, by means of a simple ra-
diative transfer model, the vortices’ cloud and haze vertical
structure from our reflectivity measurements in the 890 nm
methane band and in the near-infrared wavelength range (1.7–
2.3μm).

6.1. Photometry in Absorption Bands From 0.89
to 2.3μm
[29] Photometry of images obtained with an 890 nm meth-

ane band filter by IOPW observers is given in Table 3 and
Figure 11. This filter is particularly well suited to control
the changes in the tropospheric haze layer because for an
absorption coefficient of 20 (km amagat)�1, a representative
value for the filters used by the observers given in Table 3,

Figure 12. Spectral images in the near infrared of the three anticyclones before their interaction. They are iden-
tifiedwith the RedOval (RO)markedwith an arrow in all the image subsets. Thewavelengths (inmicrons) are (a)
1.78, (b) 1.95, (c) 1.87, (d) 2.03, (e) 2.12, (f) 3.78, and (g) 4.78. The used instruments and dates are IRTF-
NSFCAM on 16 June 2008 for Figures 12a, 12b, 12d, 12f and 12g and HST-NICMOS on 16 May 2008 for
Figures 12c and 12e.
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the pressure at which the gas absorption optical depth is 1 is
reached at 540mbar [see, e.g., Sánchez-Lavega, 2011]. For a
standard haze-cloud Jovian model [West et al., 2004], this
level moves upward in the atmosphere, closer to the
tropopause level [de Pater et al., 2010a]. For this study we
have avoided the use of the HST 890 nm methane band
images because of the nonuniformity in radiance at the edges
in the field of view with the FQCH4P15 filter.
[30] The IOPW images were navigated using the LAIA

software [Cano, 1998]. The intensity calibration was
performed by reference to methane band imaging with HST
published by Chanover et al. [1996]. For this purpose, we
computed the DN to I/F factor required to transform north
to south scans along the central meridian to the values
retrieved by Chanover et al. [1996]. This assumes no overall
change in Jupiter’s reflectivity at this band. Figure 11 shows
the average reflectivity of all IOPW observations and their
standard deviation (black line) in a north-south scan
compared to the HST reference profile (solid grey line).
The standard deviation provides a reasonable error bar for re-
flectivity values in Table 3, which amounts up to a 10%
(±0.01 in I/F).
[31] The dependence of the reflectivity at 890 nm with the

cosine of the incident angle (μ) and in the cosine of the emis-
sion angle (μ0) was corrected by using the following law:

I=Fð Þcorr ¼ I=Fð Þobs=μμ0 (5)

[32] After this correction, we observed that the GRS was
slightly brighter than the other two ovals, whose reflectivity
was similar (Table 3). Our data for BA compare very well
with long-term measurements given by Wong et al. [2011,
Figures 5 and 6], validating the photometry retrieved for
the other vortices. A comparison with de Pater et al.
[2010b] shows that GRS looks brighter in our results. This
is because of the use of filters with various widths at a
relatively narrow absorption band and also because of the
geometrical correction used in each case. On the other hand,

reflectivity ratios between GRS and BA are in good agree-
ment. One result we get is a relatively constant value for
the reflectivity at the methane band wavelength for the three
vortices before, during, and after their mutual interaction,
with I/F = 0.18 ± 0.02 (GRS), 0.15 ± 0.02 (BA), and 0.15 ±
0.01 (RO).
[33] The appearance of the vortices in the near infrared

(1–5 μm) is shown in Figure 12. The spectral range 1.78–
2.30μm is dominated by the methane absorption bands and
the molecular hydrogen band, particularly at 2.12μm
[Borysow, 2002]. The optical depth τ = 1 is reached at an alti-
tude level ranging from P ~10 to 100mbar for these methane
bands [West et al., 2004]. Thus, images in this spectral range
mostly show the vortices as bright ovals, since sunlight is
reflected at their topmost high-altitude haze layer
(Figures 12a–12f). Recently, de Pater et al. [2010b, 2011]
presented models for the GRS, BA red ring, and a northern
red oval from reflectivity in this spectral range that fits to a
model that includes three layers with particles (stratospheric
haze, tropospheric haze, and upper cloud).We have performed
relative area photometry for the three ovals on the image series
taken with the NSFCAM at IRTF (see Table 1) at wavelengths
(pass bands indicated) 1.78 (0.035), 1.95 (0.039), 2.03 (0.041),
and 2.30 (0.22) μm. The absolute photometry of HST
NICMOS images at 1.87 (0.02) and 2.12 (0.02) μm was con-
sidered but unfortunately was not consistent with the photom-
etry of WFPC2 and NSFCAM images. This is confirmed by
our models that deviate substantially at these two wavelengths
(see below). We used as a photometric reference the central

Figure 13. (left) Model results of the reflectivity at the 890 nm methane absorption band as a function of
the altitude level of the main cloud layer (assumed to be an isotropic layer with ω0 = 0.95) and for different
optical depths (τ) grouped in two cases: τ = 5–10 and τ = 50–1000. The observed reflectivity range for GRS,
BA, and RO is indicated. (right) Comparison between the observed (blue) and modeled (red) relative spec-
tral reflectivity of the Red Oval relative to that of the Great Red Spot in the 1.7–2.3 μm wavelength range.
The model-measurement deviations seen at 1.86 and 2.12 μm are due to a systematic calibration error in
NICMOS images.

Table 4. Vortices Vertical Cloud Structure

Feature τ1 τ2 ϖ0 PTrHaze (mbar)

GRS 0.05 ± 0.02 7.5 ± 0.5 0.95 170 ± 30
BA 0.03 ± 0.01 1.7 ± 0.4 0.95 200 ± 40
RO (before)a 0.03 ± 0.01 2.0 ± 0.5 0.95 200 ± 60
RO (after)b 0.03 ± 0.02 1.5 ± 0.2 0.95 200 ± 60

aBased on photometry before the RO interaction with the GRS.
bBased on photometry on 10 July after the RO interaction with the GRS.
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area of the GRS. Relative to it, the brightness of BA and the
RO ranged between 0.4 (in the deepest absorption band at
2.30μm) and 0.7 (in the 1.78μm intermediate methane band).
[34] We have included for completeness an image obtained

at 4.78μm in the thermal infrared (Figure 12g), a wavelength
sensitive to the opacity of the clouds to the thermal emission
from Jupiter. The GRS and BA show low thermal emission in
their centers because of the high cloud opacity but higher
emission in a low-opacity peripheral ring that results from a
relatively low cloud opacity [e.g., Fletcher et al., 2010; de
Pater et al., 2010b]. For the RO the situation is similar, with
a high emission ring that corresponds well with the dark cir-
cular filament seen at the vortex periphery in the visible im-
ages (Figures 1 and 3). Details on the vortices opacity to
Jovian thermal emission at 5 μm are given in de Pater
et al. [2010b].

6.2. Radiative Transfer Results

[35] We have used the reference model described in the
previous section to perform simple radiative transfer

calculations to fit the photometric observations in the two
spectral ranges. The aim is to gain some insight into the cloud
top levels of the vortices during the interaction period, but we
do not pretend to perform a full detailed study of their vertical
structure. The radiative transfer code and procedure are de-
scribed in Pérez-Hoyos et al., 2005. The model has two haze
layers with gas between them, overlying a dense cloud of iso-
tropic scattering particles whose base is fixed at the ammonia
condensation level (700mbar). The free parameters are the
optical depth (τ1) of a physically thin topmost haze layer that
we locate at an altitude level of 10mbar, the optical depth
(τ2), and single-scattering albedo (ϖ0) of the tropospheric
haze layer and its top (minimum) pressure (P). The free pa-
rameters in this model are focused precisely on those param-
eters that were left unchanged (or were fixed) in de Pater
et al. [2010b].
[36] We first computed the reflectivity at nadir viewing

at 890 nm from pressures ranging from P= 100 to
P= 500mbar (1 mbar step) and particle optical thicknesses
τ2 = 5, 10, 50, 100, 500, and 999 for two extreme cases:

Figure 14.1. Approach sequence of RO relative to GRS and BA and their mutual interactions from IOPW
images, starting on 20 June and ending on 15 July 2008. The color images are RGB composites, and the black
and white images were obtained with an 890 nm methane band filter. The red arrow marks the position of oval
RO. The GRS and BA are identified in the first image. Only the southern hemisphere is shown (south is up and
east to the left). Dates and names of IOPW-PVOL and ALPO-Japan observers are indicated below each image.
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perfect scatterers (ϖ0 = 1.0) and relatively absorbent particles
(ϖ0 = 0.95), which are commonly assumed values for the
GRS [West et al., 2004]. We distinguish arbitrarily between
the two cases spanning the following ranges of optical
depths: τ2= 5–10 for the whole oval extent, a rather low
value, and τ2 = 50–1000. This provided a framework of syn-
thetic models with which we could compare the observed re-
flectivity for each case (Figure 13). Taking the first case
scenario as the working frame in agreement with the results
found for the GRS [West et al., 2004, and references therein]
and BA models [Pérez-Hoyos et al., 2009; Strycker et al.,
2011], we determined the top pressure level, ϖ0, and τ2 for
the tropospheric haze for each vortex. Using the obtained
values as a reference, we then fitted the near-infrared (NIR)
reflectivity values to the model results to retrieve the optical
depth of the stratospheric haze (τ1), readjusting the values
for the above parameters (Figure 13). The final results on
our cloud structure model are given in Table 4, which in gen-
eral agree with those presented by Strycker et al. [2011].
Comparison with results by de Pater et al. [2010b] is not
so straightforward because of the differences in the modeling
assumptions. However, our results are in good agreement
with their assumption for the haze pressure top of 200mbar.
Optical thickness values are consistent with that work.

Complementarily, the UV images (see Figure 4) obtained
with a filter at an effective wavelength of 255 nm are sensi-
tive to particle absorption and to Rayleigh scattering by the
gas (optical depth τg= 1 at a pressure of 350mbar) [West
et al., 2004; Strycker et al., 2011]. Thus, the darkness of
the ovals in the UV relative to their surroundings is mainly
due to absorption produced by the particles in the high-alti-
tude stratospheric haze. We conclude that the vertical struc-
ture of the hazes and upper clouds in the three ovals is very
similar. The small differences in altitude and optical depth
characterize their relative reflectivity.

7. RO-GRS-BA Dynamical Interaction

[37] The RO was nearly stationary in longitude (System
III), whereas the GRS drifted west to increasing longitudes
and BA east to decreasing longitudes (Table 2 and
Figures 12 and 14). The GRS approached the RO from the
west, and BA approached it from the east. Since the GRS
dominated the scene due to its large size, we describe the
RO and BA motions relative to it. Figure 14 shows images
of the mutual approach sequence and the interaction of the
three ovals at visual wavelengths. As described in detail in
what follows, the interaction left the cloud morphology and

Figure 14.2
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positions of the GRS and BA essentially unaltered, but it
resulted in the destruction of the RO.
[38] About 250 individual position measurements of the

center of the vortices (latitude and longitude) were performed
in the 200 day interval from February to September 2008. In
Figures 15 and 16 we show the longitude and latitude of the
center of three ovals as a function of time. A first conclusion
is that within the errors of our measurements, the GRS and
BA did not change their positions when interacting with the
RO. On the contrary, the RO interaction with the GRS not only
altered its position but also destroyed the vortex. In Figure 17
we combined the previous data and mapped the motions
(longitude-latitude) of the centers of the three ovals during
the period of interaction. The RO entered the GRS on 28
June when arriving at its western edge and was advected
southward by the anticyclonic peripheral flow of the GRS
(see Figure 14.1-14.2). At this moment the RO increased its
velocity slowly (relative to System III) from ~1–2m s�1

before the interaction to 5m s�1 when it started, then the RO
moved rapidly alongside the GRS southern edge while circu-
lating along its periphery, accelerating until it reached a peak
velocity of 55m s�1 (Figure 18). This velocity is about half
the value of the peak velocity typically found around the edge

of the GRS. The RO became elongated and shredded due to
dynamical compression when it moved along the narrow
channel formed between the GRS and BA when both vortices
were close in longitude (Figure 14.2). Finally, the elongated
RO reached the eastern edge of the GRS on 6–7 July as shown
in the 890 nm methane band filter and in RGB color compos-
ites (Figures 14.3 -14.4).
[39] The cloud morphology of the RO debris was well char-

acterized on high-resolution images obtained at visible and
near-infrared wavelengths. On 8 July, at visible wavelengths
(Figure 15, inset), the RO consisted on a peripheral ring
distorted from a circular shape and open on its western side
(the one close to the GRS), with a less intense red color interior
(as shown in section 5) and a small red residual remnant
detached from its geometric center. On 9–10 July
(Figure 19) the near-infrared images show in detail the RO
cloud debris morphology at different altitude levels. Out of
the methane and hydrogen strong absorption bands
(Figure 19a), the RO showed a similar structure to that at vis-
ible wavelengths (compare with Figure 15, inset). Within the
absorption bands at 2.12 and 2.30 μm (Figures 19b and 19c),
the RO debris consisted on a bright compact cloud mass sepa-
rated from the GRS but with a filamentary structure oriented

Figure 14.3
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toward the peripheral flow of the GRS. Since these wave-
lengths sense the uppermost hazes of the vortices, it is clear
that the RO cloud tops survived at about the same altitude level
after the interaction. As shown in the previous section and in
Table 4, the NIR photometry and radiative transfer modeling
suggest that by 7 July, the RO tropospheric haze decreased
its optical depth by about 25% relative to its value before
interaction, without changing in altitude. Consequently, the
interaction led to the destruction of the RO vortex structure
and, at the same time, to its red color loss. By 25 July the
RO cloud top residuals were dispersed by the meridional wind
shears separating from the GRS (Figure 17d). Identification of
the individual residuals in the near-infrared images by 22
August was very difficult and only a patchy bright band was
visible (Figure 19e).

8. Numerical Simulations of the
Vortices Interaction

[40] We carried out nonlinear numerical simulations of the
observed characteristics of the mutual interaction between
the GRS, BA, and the RO to infer the relative depth of the
vortices and to assess the properties of Jupiter’s cloudy
weather layer in the region where the vortices reside. For this
purpose, we used the EPIC code [Dowling et al., 1998] as

we did in our previous studies of mergers and stability of
Jovian vortices [Morales-Juberías et al., 2003; Legarreta
and Sánchez-Lavega, 2005]. We used potential vorticity
(PV) to build horizontal maps to compare with the observed
cloud field since PV is assumed to act as a passive tracer of
the motions.
[41] In these simulations there are two groups of parame-

ters that control the results. On the one hand, we have the
properties of the vortices: size and latitude location of its
center, wind velocity structure, and vertical extent. On the
other, we must consider the properties of the Jovian weather
layer: zonal wind meridional and vertical profiles, and verti-
cal thermal structure (static stability or Brunt-Väisälä
frequency). We vertically extended our model atmosphere
across the lower stratosphere and upper cloudy troposphere
(vertical range from 10mbar to 7 bar of pressure).
[42] To model the velocity field of the three vortices, we

added an ellipsoidal Gaussian perturbation to the Montgomery
potential [Dowling et al., 1998], which is the forcing term for
the horizontal momentum equations in the EPIC isentropic
coordinate model. When geostrophic balance is used to initial-
ize the model, Montgomery potential horizontal gradients
provide the adequate velocity profiles for the three vortices
(see the details in García-Melendo et al. [2009]). By adjusting
the shape parameters of the Gaussian perturbationwe reproduce

Figure 14.4
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the particular velocity fields of the three vortices. For the GRS,
we modeled the intense velocity ring at its periphery and its
more stagnant interior [Legarreta and Sánchez-Lavega, 2005].
For the other two vortices, we assumed a more compact sym-
metric velocity distribution with velocity maxima close to the
periphery. The geometrical parameters and the velocity describ-
ing the GRS and BAwere also fixed to the experimental values.
For the GRS we took�24° as the latitude position of its center
and fixed its maximum tangential velocity at its periphery to
VT=115m s�1 [Sada et al., 1996; Asay-Davis et al., 2009].

We placed BA at latitude �33.3° and set its maximum tangen-
tial velocity at its periphery to 100m s�1 [Hueso et al., 2009;
Asay-Davis et al., 2009]. For the RO we placed the vortex
between �24° and �27° latitudes and left as a free parameter
the maximum tangential velocity at periphery testing values
VT=25, 50, and 100m s�1. The vertical extent for BA and
the GRS was fixed to 6H, where H=20km is the average scale
height, but this parameter was left free for the RO in order to
assess the importance of its vertical extent. The vortices were
centered at an altitude level of 680mbar that corresponds

Figure 15. Long-term longitude drifts in System III of the three ovals RO, GRS, and BA. The reference
0 Julian day is for 2 February 2008 (reference dates for HST images are indicated). The inset shows HST
color image composites of the area of interest around the GRS where RO is identified by the arrow for 15
May, 28 June, and 8 July (dates marked in the plot).

Figure 16. Same as Figure 15 but showing the long-term latitudinal position of the centers of the three
ovals and their mean value from linear and polynomial fits.
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approximately to the location of the ammonia cloud. We found
that the vertical extent of the RO is an essential ingredient to
reproduce the GRS-RO interaction.
[43] For the background reference atmosphere (i. e., the

weather layer) we tested different vertical structures
(Figure 20) [see, e.g., García-Melendo et al., 2005, 2009].
(1) For the zonal wind velocity, the following profiles were
used: (a) The meridional profile U0(y) at cloud level is taken
from García-Melendo and Sánchez Lavega [2001]; (b) The
vertical profile is divided in three parts. (i) Above the 60 mbar
level in the stratosphere we assumed there is no wind, (ii)
from 60mbar to 680mbar we take a profile derived in

previous studies U(y, z)=U0(y) exp(�2.4z/H), which decays
to zero at 60mbar from the cloud tops, and (iii) from
680mbar to 7 bar we left the profile as a free parameter with
the winds increasing or decreasing linearly as characterized
by different slopes m. (2) The vertical temperature profile
was represented by the Brunt-Väisälä frequency N(z), a mea-
sure of the static stability of the atmosphere. Above the 900
mbar level we took the profile from Legarreta and
Sánchez-Lavega [2008]. Below the 900 mbar level we tested
different N(z) profiles, all constant in altitude but with differ-
ent values across the cloudy layers (from ~1.1 bar down
to 7 bar).
[44] From the numerical point of view, the EPIC simula-

tions were run according to the following parameters: (a)
The horizontal domain was a channel with a longitude length
as long as 160° for our simulations and a latitude width of 40°
with periodic walls in longitude; (b) The vertical domain
extends from 10mbar to 7 bar and was divided in eight isen-
tropic layers; (c) The resolution was set between 0.15° and
0.31° pixel�1 ; (d) The integration time step was set at 60 s.
Other parameters are similar to those of previous simulations
[Legarreta and Sánchez-Lavega, 2008; García-Melendo
et al., 2009].
[45] We ran the first numerical experiments with the aim to

fix the background reference atmosphere. As in our previous
works, we determined the parameters N(z) and U(y, z) by
studying the stability and motions of the vortices before their
interaction. The motions of the individually simulated vortices
were compared with the drift rates in longitude as measured for
the GRS, BA, and the RO and shown in Figure 15. The best fit
was found for profiles N0 and N1 shown in Figure 20 that are
approximately constant between 1 and 7 bar with N ~3–4 ×
10�3 s�1. For the vertical dependence of the wind velocity
we found that a constant profile U(z) ~U0 (case with slope m3

in Figure 20) gave the best results, similar to previous results
at other latitudes on deep winds [Sánchez-Lavega et al., 2008].

Figure 17. Motions in longitude and latitude of the centers
of RO, GRS, and BA at the time of their interaction. The dates
are indicated as month/day. For RO we distinguish two pe-
riods, the first when circling the GRS and the second when
the RO remnant separated from the eastern edge of the GRS.

Figure 18. Velocity of the RO as a function of time before, during, and after its interaction with the GRS-
BA. The zonal (blue line, u) and meridional (red line, v) velocity components and the module of the total
velocity (black line, V) are indicated. Peak velocities are also indicated.
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[46] The next set of simulations was performed locating
the three vortices in their respective latitudes, leaving the
GRS fixed in longitude and placing BA and the RO far
enough from the GRS to test their stability but, at the same
time, drifting toward their mutual encounter (Figure 21).
After about 100 days BA and the RO approach the GRS from
its western side. The interaction between the GRS and the
RO takes place around day 105. We found that the simulation
of the RO destruction after flowing around the GRS southern
rim is highly sensitive to the RO vortex strength and vertical
extent. Only when the simulated RO is a weak (VT = 25m

s�1) and shallow vortex, (vertical extent = 2H) are we able
to reproduce reasonably well in the PV field the observed
cloud morphology evolution (Figure 21). On the model, with
RO centered at 0.68 bar, its base would be at about 1.8 bar.
When the RO is simulated as a strong (VT = 100m s�1) and
thick vortex like the GRS (vertical extent = 8H), the RO-
GRS interaction strongly modifies the PV field of the GRS
so the PV patterns differ strongly from those observed. The
RO simulated vortex that best reproduces the interaction
has a strength consistent with our measurements. The simula-
tions indicates that the GRS and the RO have a length to

Figure 19. Images of the three anticyclones after their mutual interaction in the near infrared. They are
identified with the RO debris marked in all image subsets by an arrow. They correspond to the following
dates (2008) and wavelengths (in microns): (a) 9 July, HST-NICMOS, 1.87 μm; (b) 9 July, HST-
NICMOS, 2.12 μm (H2 absorption band); (c) 10 July, IRTF-NSFCAM, 2.30 μm (CH4 deep absorption
band); (d) 25 July, UKIRT-UIST, 2.16 μm (CH4 absorption band); and (e) 22 August, VLT-NACO,
2.166μm (CH4 absorption band).

Figure 20. Vertical profiles for the Brunt-Väisälä frequency N(z) and zonal wind U(z) used in the EPIC
numerical simulations of the vortices interaction. For N(z), the vertical nominal profile is given by the con-
tinuous line N. We tested on EPIC the profiles N0 to N4 downward the altitude level of 900mbar. For U(z)
we tested the series of profiles characterized by the different slopes m shown in region (III) downward the
680mbar altitude level.
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vertical extent ratio in the range LGRS/HGRS ~ LRO/HRO

~100–120 and a peak velocity ratio VT(GRS)/VT (RO) ~3–4.
However, these differences do not seem to have any effect
on the red color of the two ovals.

9. Discussion and Conclusions

[47] Using relative reflectivity measurements, we have
spectrally characterized the signature of the red color that
stands out in color composite images of some anticyclonic
vortices in the South Tropical and Temperate latitudes of
Jupiter (ranging from latitudes�15° to�35°). The red signa-
ture manifests itself in the spectra as a broad absorption band
between ~340 and 550 nm centered at ~420 nm (see also
Simon-Miller et al. [2001a, 2001b, 2006] and de Pater
et al. [2010b, 2011]). The red color is a permanent property,
although temporally variable in its intensity, for the GRS and
for an internal ring within BA, but it is rarely visible in the
more frequent South Tropical Ovals (STrO). It is striking to
see that ovals that are similar in their dynamical properties
and at the same latitude can show very different colors, from
“white” (relatively flat spectra at visible wavelengths) to red.
The best examples were the long-lived anticyclones BC, DE,
and FA that for a period of about 60 years were “white” (they
were nicknamed as “White Ovals”), but that after their
merger to form BA [Sánchez-Lavega et al., 1999, 2001]
developed a red annular ring in its interior. The other exam-
ple of color dichotomy is shown by the STrOs, most of them
showing a white interior as the WTrOs, but with the Red
Oval as a singular color case.
[48] Other red ovals have also been historically observed in

the northern hemisphere at a symmetric latitude to that of the
RO, i.e., at 19°–20° north during the Pioneer 10 flyby period
in 1973 [Swindell and Doose, 1974; Fimmel et al., 1980], in
ground-based photography [Sánchez-Lavega and Quesada,
1988] and in 1976 [Beebe and Hockey, 1986; Sánchez-
Lavega and Quesada, 1988], and even northward at 41°N–
42°N, one of these vortices reaching a lifetime>14 years
[Rogers et al., 2010; de Pater et al., 2011]. The similarity
of these two northern stable vortices with the RO in their

color, vorticity (all are anticyclones), and location (close to
a latitude where the profile has zero velocity), seems inescap-
able and points toward a same origin for the red color.
[49] The analysis of the reflectivity of the ovals GRS, BA,

and RO in the 0.89–2.3 μm spectral region allowed us to con-
strain their vertical cloud structure in the upper troposphere
and stratosphere. They showed very similar structure, with
their tropospheric dense haze top located in all three cases at
a similar altitude level of 200mbar, i.e., above the surrounding
clouds. For the RO this high-altitude haze prevailed after the
destruction of the main vortex following its interaction with
the GRS. These results are globally consistent with a similar
analysis performed by de Pater et al. [2010b].
[50] The RO has a peripheral dark annulus (or ring) that

encloses the red area with color-altitude properties similar to
those of BA. These rings are usually seen in large vortices
(those with a zonal length>Rossby deformation radius LD

~2000–2500 km) and seem to contain an important part of
the vortex circulation and vorticity [Sada et al., 1996; Asay-
Davis et al., 2009; Hueso et al., 2009; Sussman et al., 2010].
We refer here to rings seen at visual wavelengths (reflected
by clouds and hazes), not in thermal emission as was also
discussed by de Pater et al. [2010b]. The motions of the few
cloud features detected in the RO indicate that like the GRS,
BA, and WTrOs, it is an anticyclonic vortex with tangential
velocity VT ~50m s�1 and horizontal size LRO/LGRS ~¼.
However the four vortices have similar vorticities. One
conclusion is that the color difference between WTrOs and
the RO is not linked to two-dimensional vorticity or vortex
strength. Numerical modeling of the interaction indicates that
the relative vertical extent of both vortices is HRO/HGRS ~¼.
The model predicts a vertical to zonal length extent D/L
~0.01 which is of the same order to that found by de Pater
et al. [2010b] in their proposed vortices models (~0.02). As
the RO appears shallower than the GRS, one can infer that
the red chromophore(s) is not linked to a deep bottom base
of the oval. Finally, the RO ring was a coherent closed struc-
ture of the vortex confining the red chromophore within it,
acting as a barrier against its dispersion or mixing with exter-
nal material. The red color loss of the RO detected after the

Figure 21. EPIC potential vorticity (PV) maps at the altitude level of 680mbar (isentropic surface with
potential temperature 187.5K) from the numerical simulations showing the mutual interaction between
the GRS and the RO, including also BA as a third oval in the area. The simulation day is indicated (at
day 0 the three vortices totally separated) and the vertical bar marks the vortex RO. The PV color code
ranges from �1.2 (blue, cyclonic) to +8.6 (red, anticyclonic) in units of 10�6 m2 K s�1 kg�1.
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interaction with the GRS was due to the dispersal of the haze
particles when the dark ring opened and broke.
[51] The question of the origin of the red chromophore

remains. A list of possible agent candidates has been pro-
posed some time ago (see a summary in West et al. [1986])
and upper cloud chemistry and UV photolysis involving
NH3 and NH4SH [Baines et al., 2004; Delitsky and Baines,
2007] and recently acetylene [Carlson et al., 2012], have also
been suggested. In their study, de Pater et al. [2010b] suggest
that the red chromophore is produced by descending air, orig-
inating in a secondary circulation above clouds that produces
adiabatic heating on NH3 ice exposing the red chromophores.
Our numerical models do not require of such secondary
circulation to explain the observed phenomena on the GRS-
BA-RO mutual interaction. Here we discuss what we have
learned about the red color in vortices from the RO study:
(1) Red color prefers anticyclones to cyclones in most cases.
(2) Red-colored features have high and dense top hazes
(ovals are bright in the methane band images) as the GRS,
the RO, and BA ring. This seems a necessary but insufficient
condition for the presence of the red chromophore, since
other anticyclones that are not red have upper hazes that are
arguably just as high and dense, such as the White Ovals
BC, DE, FA, and the WTrOs. (3) Red color does not depend
on the vortex tangential velocity or the vorticity as diagnos-
tics of oval dynamics [Sussman et al., 2010]. For the GRS,
BA (ring), and the RO the vorticity at their peripheries was
the same ~2 × 10�5 s�1. However, there are anticyclones
with the same vorticity that are not red (again the White
Ovals and WTrO). (4) Tropical latitudes are favored for large
anticyclones since large ovals form there (although they are
not unique). (5) The red color does not depend on the vertical
extent of the vortex below visible clouds (e.g., RO models
indicate it was much shallower than the GRS). Thus, a deep
“source” reservoir for red material that is transported upward
inside the vortex could not be the case. This would appear to
exclude the possibility that upwelling of sulfur-bearing
molecules, for example, only takes place in anticyclones
sufficiently deep to exhume H2S or NH4SH in sufficient
abundance. (6) Color changes within anticyclones (e.g., red-
dening of the BA ring) do not appear to be related to vertical
changes of the top altitude of the upper haze layer to which
Charged Coupled Device (CCD) observations are sensitive
[Pérez-Hoyos et al., 2009; Shetty and Marcus, 2010; Wong
et al., 2011]. As a preliminary conclusion, the marked color
differences from “white” to “red” seen in the anticyclones
occur without notable changes in the vertical aerosol distri-
bution or in the vortex wind field. This remains to be tested
using longer-wavelength images characterizing BA between
2005 and 2006: (1) in the near infrared, which are sensitive to
the highest haze properties, and (2) in the midinfrared, which
are sensitive to temperatures and, thereby, winds.
[52] One possibility is that the red chromophore forms when

background material (a compound or particles not always
present) is entrained inside the vortex and transformed to red
due to the vortex thermodynamic conditions, exposure to
ultraviolet radiation, or to the mixing of two chemical com-
pounds that react to form the red material. The red chromo-
phore remains confined in the vortex by the peripheral ring
that acts as a potential vorticity barrier against external mixing.
A weakening of the PV barrier, favoring inward mixing of
material or intrinsic internal changes in the vortex, leads to

temporal variability in the intensity of the red color [García-
Melendo et al., 2009]. This is the case usually observed in
the GRS that engulfs smaller vortices or other features formed
for example during the large-scale SEB disturbances. This en-
trainment would need to be more effective in red-colored than
white-colored anticyclones. This would allow, for example,
particles to be lofted for a longer period and thereby satisfy
both the necessary condition that particles be lofted to high
altitudes, but a potentially sufficient condition that they remain
there longer than in other anticyclones by virtue of their lon-
gevity. It remains now to identify the chemical nature of the
red chromophore.
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